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XylopodiumThe underground systems of plants show themost varied structures adapted to survival in unfavorable environ-
mental conditions. For instance, long-term droughts may induce the development of either water and reserve
substances or vegetative propagation structures. SinceMandevilla atroviolacea is a species found at high altitudes
on rocky outcrops, this study aimed to provide information on themorpho-anatomy of the underground system
of this species that may assist in understanding the adaptive strategies at play. Samples from the underground
system of three young and two mature plants collected in the ﬁeld were sectioned and processed according to
standard plant anatomical techniques. The upper area of the underground system corresponds to a xylopodium,
while the lower is a tuberous stem organ. Tuberous roots account for the majority of the underground system.
The increase in tuberous root diameter results from the action of a typical cambium. The high shoot-forming
potential and storage of water and reserve substances observed in the underground system of this species are
important strategies for it to survive in this habitat.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Xylopodium, geminiferous roots, tuberous roots, soboles, and
rhizophores are some of the underground structures found in the
cerrados (Brazilian savannah), campos rupestres (arenite and quartzite
rock outcrops) and campos de altitude (rock outcrops of gneiss–granite)
in Brazil (Rizzini and Heringer, 1961, 1962, 1966; Paviani, 1977, 1978,
1987; Menezes et al., 1979; Sajo and Menezes, 1986a,b; Dietrich and
Figueiredo-Ribeiro, 1985; Appezzato-da-Glória and Estelita, 2000;
Appezzato-da-Glória et al., 2008). Such structures may act on the storage
of substances such as water, lipids, carbohydrates, proteins, and nitroge-
nous compounds (Rizzini and Heringer, 1966), or on vegetative propa-
gation (Rizzini and Heringer, 1966), which makes them important
structures to the survival of plants under unfavorable environmental con-
ditions (Rawitscher and Rachid, 1946; Rizzini, 1965) such as long-term
droughts, nutrient-poor soils, and seasonal ﬁres.
Xylopodium and tuberous roots are themost common underground
storage structures. Xylopodium are woody perennial geminiferous or-
gans, which may be produced by the tuberization of the hypocotyl and
by the tuberization of the upper portion of the main root, in this wayby Elsevier B.V. All rights reservedthey become an organ resistant to long-term droughts (Rizzini, 1965).
Tuberous roots, on the other hand, are non-woody organs of secondary
origin that have a succulent consistency, which bear mainly the paren-
chyma specialized as a water-storage tissue and food reserve storage
(starch) (Rizzini and Heringer, 1961).
Knowledge of the structures selected by plants in response to
water scarcity is important in the context of global climate change.
These structures may represent models of developmental biology
for investigations aimed at plant resistance to water stress. Plant
species can adjust to these novel conditions through phenotypic
plasticity, adapt through natural selection or migrate to follow con-
ditions to which they are adapted (Nicotra et al., 2010).
High-Altitude Grasslands located on plateaus and isolated es-
carpments associated with the Atlantic Forest biome in areas
higher than 900 m form a patchwork made up of shrubs and smalls
trees placed in a matrix built of grass clumps, scattered herbs and
pteridophytes (Safford, 1999). Mandevilla atroviolacea (Stadelm.)
Woodson (Apocynaceae) is a vine with laticifers articulated in all
vegetative organs (Lopes et al., 2009) and scandent or twining
branches. It is found on the ridges of the Atlantic Forest and
High-Altitude Forest located in the interior of southern and south-
eastern Brazil (Simões and Kinoshita, 2002).
This study aims to describe the underground system structure of
M. atroviolacea, identify which tissues work as storage reserves and
determine which substances are stored..
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2.1. Study site
Samples of the underground system of both young and mature
plants of M. atroviolacea were collected in February and August
2006 from a native population. These plants were growing on a
rocky outcrop at the Parque Estadual da Serra do Brigadeiro (PESB),
Minas Gerais State, Brazil (S 20°42′21.1″ and W 42°28′46.8″,
1514 m high) among patches of grassland. Voucher material is kept
at the Herbarium of the Federal University of Viçosa under the num-
bers VIC 27.620; VIC19.436; VIC19.437; VIC19.438; VIC19.439.
2.2. Morphological investigation
For the morphological investigation of the underground system
structure, three young and two mature plants were analyzed for the
following characteristics: texture, succulence, rigidity, and organ
shape. The organ orientation, depth reached by roots, and presence/
absence of aerial parts were recorded. All information was recorded
by means of digital photographs (Sony DSC-H10, Brazil).
2.3. Anatomical study
Fresh material was ﬁxed with 2% glutaraldehyde in Sorenson's so-
dium phosphate buffer at pH 7.0 (Gabriel, 1982), dehydrated in an
ethanol gradient and embedded in methacrylate resin (Historesin,
Leica Microsystems, Nussloch GmbH, Heidelberg). Serial cross sec-
tions (5–9 μm thick) were made by using an automatic rotary micro-
tome (Leica RM 2155, Microsystems Inc.). The sections were stained
with Toluidine blue O at pH 4.0 (O'Brien and McCully, 1981) and
slides were mounted in synthetic resin (Permount, Fisher).
Cross sections of the fresh root samples were made by using a
table microtome (model LPC, Rolemberg and Bhering Comércio e
Importação Ltda., Belo Horizonte, Brazil). The sections were subjected
to Lugol (Jensen, 1962) to detect starch; Ruthenium Red (Johansen,
1940) for pectins and mucilaginosous substances; Periodic Acid Schiff
(PAS) for polysaccharides (Maia, 1979); ferrous sulfate in formalin
(Johansen, 1940) for general phenolic compounds (Gabe, 1968) and
cloridic vanillin (Mace and Howell, 1974) for tannins. The slides
were mounted in glycerine–water.
Observations and photographic documentation were made with a
light microscope (model AX70TRF, Olympus Optical, Tokyo, Japan)
equipped with a U-Photo system.
3. Results
3.1. Underground system structure
The underground system of M. atroviolacea (Fig. 1A) is oriented
vertically (Fig. 1B) and reaches depths of about 300 mm. However,
due to the limited amount of soil available, the underground system
of some plants grows under the rock surface, with some regions ex-
posed outside of the soil. The underground system of M. atroviolacea
may be divided into three parts (Fig. 1C): a xylopodium, which is
characterized by a woody and cylindrical upper region placed super-
ﬁcially on the soil, from where new aerial sprouts are originated
(Fig. 1D), a lower tuberous region (Fig. 1C), and a region made up
of tuberous roots (Fig. 1C).
Tuberous roots form most of the underground system (Fig. 1B, C
and E). They are initially cylindrical but may become irregular in
shape as they mature. Some of these roots with irregular shapes
show protuberances on their surface (Fig. 1E).
The upper region of the young xylopodium (Fig. 2A–C) originates
from the stem with protoxylem elements occupying the innermost
position (Fig. 2C). Buds were observed at the xylopodium area(Fig. 2B). These structures are vascularized. Their origin could not
be veriﬁed, as the techniques used to obtain serial sections were not
successful due to the extreme hardness of the xylopodium tissue.
3.2. Development of the underground system
The tuberous lower region originates from the stem (Fig. 2D–F),
since the primary xylemhas centrifugalmaturation (Fig. 2F). The devel-
opment and thickness of the organ resulted from both the continuous
activity of the vascular cambiumand the proliferation of the pith paren-
chyma cells (Fig. 2D). Initially, anticlinal divisions at the interfascicular
cambium took place at a higher rate. These cells elongate and enlarge
towards the pith (Fig. 2D). In the pith, cells divide in either an anticlinal
or periclinal way. The higher activity of the interfascicular cambium
produces ray-like parenchyma, since they produce more parenchyma
cells compared to the fascicular cambium (Fig. 2E and F). The vascular
system of this organ is fragmented into strand-like isolated vascular
units (Fig. 2F).
3.3. Tuberous roots
Tuberous roots account for the major part of the underground sys-
tem (Fig. 1B–E). The increase in diameter of the tuberous roots results
from the action of a typical vascular cambium that produces secondary
vascular tissuewith large amounts of parenchyma cells (Fig. 3A–E). The
epidermis is substituted by periderm (Fig. 3A, B and E), which was
observed even in smaller diameter roots (Fig. 3A). Starch is present in
the cortex and rays of the tuberous roots (Fig. 3C and D). Idioblasts
containing both general phenolic compounds (Fig. 4A) and tannins
occur scattered throughout the region near the periderm (Fig. 4B).
The results of the other histochemical test were negative.
Articulated laticifers have been observed in tuberous roots, near
the secondary phloem and in the cortex, as well as forming rows par-
allel to the periderm (Fig. 4C).
Protuberances were found on the surface of the tuberous roots
(Figs. 1E and 4C). Such structures are found on both larger and small-
er diameter roots. Divisions of the more peripheral cells of the cortical
parenchyma are the most likely origin of these protuberances. The
protuberances are larger on the smaller diameter roots, causing the
periderm to rupture (Fig. 4A and C). These protuberances may be re-
lated to the development of lateral roots (Fig. 4A).
4. Discussion
The underground systemofM. atroviolaceamay be divided into three
parts: a xylopodium, a tuberous region and tuberous roots. The
xylopodium originates from the stem, similar to those reported for
Mandevilla illustris (Vell.) Woodson and Mandevilla velutina (Mart. Ex
Stadelm.) Woodson growing in the cerrado (Appezzato-da-Glória and
Estelita, 2000). In some cerrado species from other families, the
xylopodium displays a mixed structure (from both stem and root), as
reported for Erythroxylum campestre A. St-Hil. (Erythroxylaceae; Alonso
and Machado, 2007), Pterocaulon angustifolium DC. (Leguminosae),
Chromolaena aqualida (DC.) K&R and Vernonia grandiﬂora Less.
(Asteraceae; Hayashi and Appezzato-da-Glória, 2007; Appezzato-da-
Glória et al., 2008). Themorphology of the xylopodium ofM. atroviolacea
conforms to what has previously been reported in the literature. These
are ligniﬁed organs that have originated from the stem, root or both
and have a complex anatomy (Rachid, 1947; Rizzini and Heringer,
1961, 1966; Paviani, 1978; Appezzato-da-Glória and Estelita, 2000).
In M. atroviolacea the xylopodium is cylindrical and extremely
hard. The shape of the xylopodium is very variable and they may be
globose, cylindrical or even without a deﬁnite form (Rachid, 1947).
The xylopodium of M. atroviolacea is located superﬁcially on the
soil, shedding part or all of their aerial stems during the dry season.
During favorable weather conditions, e.g. high soil moisture, the
Fig. 1. (A) Rocky outcrop showingMandevilla atroviolacea populations (white circles); (B–E) underground system ofM. atroviolacea. (B) exposed underground system after digging;
(C) underground system showing the xylopodium (Xy), stem tuberous region (arrows) and tuberous root (Tr); (D) xylopodium showing the aerial branches and bud (black arrow);
(E) surface view of the tuberous root highlighting the protuberances (arrows). Scale bars: B = 13 cm, C = 2 cm, D = 0.5 cm, E = 2.1 cm.
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and Heringer (1961, 1962) have already mentioned the shoot
bud-forming potential of xylopodium and their function in plant sur-
vival under severe conditions. This strategy is found in several
cerrado species (Rizzini and Heringer, 1961) such as Brasilia sickii
G.M. Barroso (Asteraceae; Paviani, 1977), M. illustris, M. velutina(Appezzato-da-Glória and Estelita, 2000), Calea verticillata (Klatt)
Pruski and Isostigma megapotamicum (Spreng.) Sherff (Vilhalva and
Appezzato-da-Glória, 2006), Chromolaena squalida, Lessingianthus
bardanoides (Less.) H. Rob., Lessingianthus glabratus (Less.) H. Rob.,
P. angustifolium (Appezzato-da-Glória et al., 2008), Mikania cordifolia
L.f. Willd., M. sessilifolia DC, Pterocaulon alopecuroides (Lam.) DC.,
Fig. 2. Underground system of Mandevilla atroviolacea. (A) overall view of the xylopodium (Xy) and the stem tuberous region (regions 1 and 2); (B) cross section of the
xylopodium with bud of xylopodium area; (C) detail of the previous ﬁgure showing the vascular system originating from the stem, note the protoxylem elements in the inner-
most position (circle); (D) vascular cylinder showing the proliferation of the interfascicular parenchyma (arrows), and pith; (E) fragmented vascular cylinder with the vascular
units isolated (arrows); (F) detail of the vascular unit (arrow = protoxylem). Pi— Pith, Ph— phloem, Xy— xylem. Scale bar: A = 0.6 cm, B = 700 μm, C = 60 μm, D = 450 μm,
E = 700 μm, F = 200 μm.
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(Appezzato-da-Glória and Cury, 2011). Fire often stimulates post-ﬁre
sprouting from the xylopodium (Appezzato-da-Glória et al., 2008). How-
ever, we have not found reports describing xylopodium as observed inM.
atroviolacea, which grows in rocky outcrops in Brazil.
New buds on the xylopodium can originate from the cambium,
as in M. illustris, M. velutina (Appezzato-da-Glória and Estelita,
2000), C. verticillata, I. megapotamicum (Vilhalva and Appezzato-
da-Glória, 2006), C. squalida and P. angustifolium (Appezzato-
da-Glória et al., 2008), or from the pericycle, as seen inL. bardanoides (Appezzato-da-Glória et al., 2008), or from paren-
chyma proliferation, as in B. sickii (Paviani, 1987). InM. atroviolacea
it was not possible to identify the origin of the buds present on the
surface of the xylopodium with the techniques used. Their origin
might be clariﬁed with the use of alternative techniques, such as
wood anatomy.
The tuberous region of the underground system originates from
the stem and results from the large proliferation of parenchyma
cells. The parenchyma cells that originate from the interfascicular
cambium produce ray-like parenchyma and such activity results in
Fig. 3. Cross sections of the tuberous roots ofMandevilla atroviolacea. (A–B; E) Increase in the root diameter (double headed arrow) due to the proliferation of the cortical parenchyma;
(C, D) section treated with lugol reagent showing starch in cortex (C) and in the rays (D). Pe— periderm, Ph — phloem, Xy — xylem. Scale bars: A and B = 350 μm, C = 300 μm, D =
400 μm, E = 500 μm.
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served in Ocimum nudicaule Benth. (Lamiaceae; Figueiredo, 1971),
however, it is the ﬁrst time that this structure is described for the
family Apocynaceae.
The development of tuberous roots occurs through the activity of a
typical vascular cambium with production of secondary vascular tis-
sues and consequently, large amounts of parenchyma cells, as
observed in M. velutina and M. illustris (Appezzato-da-Glória and
Estelita, 2000). However, in Asteraceae species, other kinds ofstructures are produced, e.g. in Vernonia oxyleps and V. brevifolia in
which the root thickening results from pericycle proliferation
(Vilhalva and Appezzato-da-Glória, 2006; Hayashi and Appezzato-
da-Glória, 2007) and in Smallanthus sonchifolius (Poepp. & Endl.)
H. Robinson from the divisions of the inner cortex (Machado et al.,
2004).
Protuberances similar to lenticels were found on the surface of the
tuberous roots of M. atroviolacea, however, a typical phellogen is not
observed in these structures. These structures may be related to the
Fig. 4. Cross sections of the tuberous roots of Mandevilla atroviolacea. (B and C) (A) protuberances related to the growth of lateral roots, note the idioblasts containing phenolic
compounds (white arrows); (B) section treated with cloridric vanillin showing the scattered tannin idioblasts near the periderm (black arrow); (C) detail of a surface protuberance;
note laticifers close to the periderm (black arrow). Scale bar: A = 200 μm, B = 300 μm, C = 450 μm.
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(Appezzato-da-Glória and Estelita, 2000).
Laticifers and idioblasts occurred in tuberous roots ofM. atroviolacea.
Themain function of laticifers is to protect against pathogens and herbi-
vores, as well as to cicatrise wounds (Fahn, 1979). The fast coagulation
of latex in M. atroviolacea reveals the efﬁciency of the secretion to seal
wounds, block microorganisms and avoid herbivory (Lopes et al.,
2009). Additionally, the idioblasts containing general phenolic com-
pounds and tannins in tuberous roots could function to protect the
plants against pathogens and herbivores, since such roots can be ex-
posed on the soil. Phenolic compounds confer unpalatability and toxic-
ity to theplant organswhere they are produced,which are then avoided
by phytophagous and herbivorous animals (Fahn, 1979; Roshchina and
Roshchina, 1993).
Most of the underground system ofM. atroviolacea is made up of tu-
berous roots mainly storing water and carbohydrates (starch). Storage
roots are common structures andmay have several structural variations
(Dabydeen and Sirju-Charran, 1990; Milanez and Moraes-Dallaqua,
2003). Several cerrado species accumulate carbohydrates (fructans
and starch) in the cortical parenchyma of adventitious and thickened
roots (Figueiredo-Ribeiro et al., 1991; Appezzato-da-Glória and Estelita,
2000; Appezzato-da-Glória et al., 2008). In Marsdenia virgultorum
(Fourn). Rothe. growing in the cerrado and inM. megalantha Goyder &
Morillo growing in the caatinga, tuberous roots store high amounts of
water (Rizzini, 1965; Goyder and Morillo, 1994). All of these have an
important role as reserves and are involved in a number of adaptive
strategies in plants subjected to unfavorable periods ofwater restriction
in this environment. The root succulence and carbohydrate storage
(starch) in the parenchyma favor the survival of M. atroviolacea plantsthat grow on exposed rocky outcrops in what are sometimes extremely
unfavorable conditions.
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